Background
in individuals and differences between individuals do not appear to be associated with estrogen.
Introduction
A lower genital tract microbiota that is predominantly comprised of bacteria of the genus Lactobacillus is considered to be protective from acquiring a number of sexually transmitted infections (STIs) [1] [2] [3] . Also, Lactobacillus protects against acquisition of bacterial vaginosis [4] [5] [6] , which while not an STI is a risk factor for premature labor and other pregnancy complications. An important mediator of this protection is thought to be the acidic pH of the lower genital tract resulting from production of lactic acid by Lactobacillus [7] . The vaginal pH of women with a genital microbiota dominated by Lactobacillus species is on average lower than 4.5 and recent studies indicate the pH may reach as low as <3.5 [8] [9] [10] . Besides a low pH, Lactobacillus may also provide protection via other mechanisms such as production of bacteriocins [11] .
Glycogen is produced by vaginal and cervical epithelial cells and has been recognized as temporally associated with colonization and growth of Lactobacillus in the lower genital tract [12] . Thus, when epithelial glycogen is low, as in pre-puberty and post-menopause, Lactobacillus levels are also low [12] . Also, treatment with DMPA (Depo-Provera; depot medroxyprogesterone acetate) reduces the thickness of the glycogen bearing layers of cells in the epithelium and concurrently reduces the numbers of H 2 O 2 -positive Lactobacillus [13] .
Estrogen has been postulated to induce glycogen production within the epithelium since it is also lower during the stages of life when glycogen is low, and lower during treatment with DMPA [13] . Further, several studies showed that administration of estrogen decreased vaginal pH (Reviewed in [14] ).
While glycogen is present in the genital epithelium, Lactobacillus grows and metabolizes in the lumen of the vagina and not in epithelial cells. Therefore it is likely that the amount of cellfree glycogen that is present in vaginal fluid is an important factor in Lactobacillus growth and acid production. However, levels of cell-free glycogen in genital fluid are not determined in most studies of factors that affect genital Lactobacillus. Recently, two studies quantified the amount of cell-free glycogen in vaginal fluid and compared these values to vaginal pH and microbiota. In the first study [15] , cervico-vaginal lavage (CVL) samples were collected from 21 African American women over an 8-11 year period. Samples with the highest cell-free glycogen had a lower genital pH and a higher fraction of the microbiota consisting of Lactobacillus as determined by pyrosequencing of the 16S rRNA gene. The second study measured cell-free glycogen over a 1-3 month period in 11 premenopausal and 12 postmenopausal women [16] . Although cell-free glycogen was observed in samples from both groups, premenopausal women had higher glycogen levels. In both groups, glycogen levels correlated with an acidic vaginal pH and Lactobacillus levels as quantified by real-time PCR. In those two studies, genital fluid was collected by lavage with 10 ml of saline. Therefore, the original concentration of glycogen in the genital fluid could not be determined in those studies since the original volume of genital fluid in women can vary [17] . Also, the method of collecting genital fluid by lavage could have artificially contributed to some of the observed variations seen between or within individuals and made correlations unreliable.
In this study, we obtained undiluted genital fluid from women using the Instead SoftCup 1 so that possible variations due to lavage could be avoided and the concentration of cell-free glycogen present in the vagina could be measured. This enabled determining the levels of glycogen that are available for utilization by genital bacteria and quantifying true variations in glycogen levels over time. Additionally, collection of undiluted genital fluid allowed measurement of glucose, which is present at relatively low levels in genital fluid. Further, the relationships between glycogen and estrogen, progesterone, and vaginal pH were determined.
Methods

Ethics Statement
The Institutional Review Boards of Rush University Medical Center and Northwestern University approved the study and written informed consent was obtained from all subjects.
Patients And Sample Acquisition
Women self-reported a regular menstrual cycle (between 25-30 days) and any hormonal birth control usage during the month prior to study entry. As part of routine visits, subjects were also asked to optionally divulge sexual activity information in the 24 hours prior to sample collection and if any type of barrier protection was utilized during intercourse. Women on hormonal birth control, those with irregular menstrual cycles, and those with intrauterine birth control devices were excluded from the study. Cervical vaginal fluid samples were obtained from participants utilizing the Instead SoftCup
1
, and an average of 14 samples (a minimum of 9 and a maximum 18) were collected from each person over a 6-week period. The flexible cup was worn internally around the cervix and collected lower genital tract secretions. Subjects self-inserted the cup into their vagina at least 3 hours prior to their scheduled research visit. On arrival, subjects were instructed to manually remove the cup and place the entire apparatus into the provided 50 ml conical tube. The tube was capped and placed in a storage bag for transport to the lab at room temperature. Samples arrived in the lab approximately 10-20 minutes after they were obtained from the subject and were refrigerated until processed.
Within 24 hours of acquisition, the 50 ml conical tube containing the cup was centrifuged at 4°C, 800g for 10 minutes. The Instead SoftCup 1 was then removed from the tube using tweezers and discarded, leaving fluid at the bottom of the tube. The top layer of fluid was pipetted into a 1.5 ml Eppendorf tube, and labeled. The pH was then measured utilizing a pH probe that was sprayed with ethanol, rinsed with distilled water and air dried before insertion. Subjects also had two 4 ml tubes of blood drawn, once a week for 6 weeks, to measure serum levels of progesterone and estradiol by ELISA (Quest Diagnostics, Madison, NJ).
Glycogen and Glucose Measurement
Free glycogen in genital fluid samples was measured fluorometrically using the Glycogen Assay Kit (BioVision, Milpitas, CA). Briefly, 10 μl of genital fluid or saline (serving as blank) was added to test wells in a 96-well plate. The volume was adjusted to 50 μl with hydrolysis buffer, with (total) or without (glucose background) the kit hydrolysis enzyme. Glucose background (samples without hydrolysis enzyme) was subtracted to determine glycogen concentration. The Relative Fluorescence Units (RFU) were measured using a BioTek Synergy HT plate reader (BioTek Instruments, Inc, Winooski, VT). Samples were diluted in 1X PBS (1:25, 1:50, 1:200, and 1:400) and glycogen was measured for each dilution in duplicate assays. The intra-assay coefficient of variation (CV) was between 10-13% All samples from one subject were run in one assay to avoid batch-to-batch changes in the assay.
Statistical Analysis
Exploratory statistical analysis was performed using the Instat statistical software package (GraphPad Software) and regression analyses were performed using SAS software version 9.3 (SAS Institute, Cary, NC). Nonparametric methods were used for comparisons and to assess correlations, as indicated in the figure legends. A p-value of 0.05 or lower was considered significant.
A natural log transformation was applied to the distributions of estrogen, progesterone, and glycogen concentration to normalize the distributions and improve model fit. Mixed effects linear regression models with random intercept were used to examine univariable and multivariable associations of predictor variables with log glycogen concentration, accounting for correlation of repeated measures of individuals over time. Assumptions of linear regression models were assessed using standard regression diagnostics, including graphical examination of residual and normal probability plots and comparison of observed and predicted values, and were found to indicate adequate model fit. Sensitivity analyses were conducted to assess different treatment of undetectable concentrations (i.e., setting to missing values to 0 and excluding missing values) and yielded similar findings. Therefore, undetectable glucose and glycogen concentrations were set to 0 in the models. Spearman rank order correlation coefficients were calculated among all study variables to assess potential for multicollinearity. All variables of interest (age, estrogen and progesterone levels, glucose levels, pH, sex in the past 24 hours and time) were initially assessed in univariable analysis, and variables with p<0.2 in univariable analysis were entered in a multivariable regression model. Time in days from the index visit was included in all models to assess fluctuations in glycogen concentration over time.
Results
Longitudinal cell-free glycogen and glucose levels in undiluted vaginal fluid
Since glycogen levels in undiluted lower genital tract fluid have not been described, we measured free glycogen levels in 85 undiluted vaginal fluid samples collected from 7 pre-menopausal women over 4-6 weeks. The subjects' demographics are shown in Table 1 . While levels of glycogen fluctuated for each woman over the observation period, there were significant differences in overall glycogen levels between some of the women. Thus, subject 5 had significantly (Kruskal-Wallis Dunn's test) higher levels of glycogen over the observation period than subjects 1, 3 and 4, but not 2, 6 and 7. Subject 7, who had the second highest overall levels of glycogen (median of 6.0 μg/μμl, mean of 8.3 μg/μl) had significantly higher levels than subjects 1 and 4 but not 2, 3, 5 and 6. Subject 2 had the third highest levels of glycogen (median of 5.0 μg/μl, mean of 5.8 μg/μl) and was significantly higher than subjects 1 and 4 but not the others.
The median and mean ± SD for all glucose observations were undetectable (<0.1 μg/μl) and 1.2 ± 2.4 μg/μl and ranged from undetectable to 13.3 μg/μl. Subject 5 had significantly higher glucose overall than subjects 1, 3 and 4 (Kruskal-Wallis Dunn's test). No other comparisons were significant. There was a highly significant positive correlation between glucose and glycogen (Spearman r = -0.4102, p<0.0001, S1A Fig 
Longitudinal vaginal pH, serum estrogen and progesterone
Vaginal pH was measured at 79 of the visits as an indicator of the bacterial microbiota (Fig  2A) . A vaginal pH cutoff of 4.5 is used clinically with a pH greater than 4.5 indicative of dysbiosis [8] . pH levels overall (N = 79) ranged from 3.4 to 7.9 with a median of 4.6 and mean ± SD of 5.0 ± 1.2. Visits with a pH < 4.5 had significantly higher levels of glycogen than visits with a pH 4.5 (median 5.2 μg/μl vs. 0.8 μg/μl, p = 0.0001, Mann-Whitney test). Also, there was a relatively strong negative correlation between pH and glycogen (N = 67, r = -0.542, p < 0.0001).
Since it is proposed that estrogen promotes glycogen expression in lower genital tract epithelium we examined if serum estrogen concentrations corresponded to levels of free glycogen levels in undiluted vaginal fluid. As expected, estrogen and progesterone levels varied over time in each woman (Fig 2B and 2C) . However there was no significant correlation between A multivariable analysis was performed to further analyze the factors associated with glycogen. For this analysis, there were 29 time points where all data, including estrogen, progesterone, glucose, pH and sexual activity were available. Using this data set in univariable analysis, vaginal pH was again significantly negatively associated with glycogen concentration (Table 2) . There was a trend towards an association between glycogen and estrogen, although this was a negative association.
In multivariable analysis, which controlled for estrogen, progesterone and time in days since the initial visit, pH was again significantly negatively associated with glycogen (p < 0.001, Table 2 ). Progesterone was also significantly negatively associated with glycogen (p = 0.004), while there was a trend for a negative association with estrogen. Glucose levels, age, sexual intercourse 24 hours prior to visit, and days after the initial visit were not significantly associated with glycogen. 
Discussion
This study obtained undiluted genital fluid from women so that levels of cell-free glycogen could be accurately measured. We found that when evaluating all samples, there was a very large range of glycogen levels, from undetectable to 32 μg/μl. Some of this broad range in levels appeared to be explained by significant person-to-person differences; for example, subject 5 had median glycogen levels of 17.6 μg/μl while subject 4 had median levels of 0.4 μg/μl, a 44-fold difference. However, even within women, there were relatively large fluctuations in glycogen over the relatively short period of sample acquisition. Thus, the highest levels for subject 5 was 32 μg/μl while the lowest level for this subject was 3.4 μg/μl. This represents nearly a 10-fold difference from the highest to lowest levels over the relatively short collection period. Some large person-to-person variations and within-person variations were also seen in our previous studies of cell-free glycogen where samples were collected by lavage [15, 16] . However, there was a concern that the lavage sampling method could have artificially caused some of those variations since the amount of genital fluid can vary [17] . Since the current study obtained undiluted fluid, this provides evidence that the relatively rapid and large variations seen in individuals and large differences between individuals are real.
Interestingly, this study did not show a positive correlation between estrogen and cell-free glycogen, when analyzed in univariate or multivariate models. A previous study using lavage also did not show a significant relationship between estrogen and glycogen [16] . However, there was a significant negative correlation between progesterone and glycogen in the multivariate model. It has been established that high doses of progesterone reduce epithelial thickness [13, 18, 19] and it is possible the natural increases in progesterone that occur during the menstrual cycle could have subtle effects on shedding of glycogen-containing epithelial cells thus resulting in lower free glycogen in genital fluid. In fact, a small reduction in epithelial thickness was seen in the later stages of the menstrual cycle [20] .
Alternatively, if estrogen does indeed induce glycogen accumulation in genital epithelium and changes in estrogen during the menstrual cycle affect the amount of glycogen in epithelium, we speculate that there would be a lag time for that change in glycogen to be observed in cell-free soluble glycogen in the vaginal lumen. This lag would be due to the time it would take for the epithelial layers that are most metabolically active (presumably the more basal layers) to differentiate, move up the layers and be shed or release glycogen. Since this time may take at least several days, a lack of correlation between concurrent blood estrogen and cell-free glycogen might be expected. This lag might also help explain the significant but negative correlation between glycogen and progesterone. However, one would expect that women that have chronically low estrogen would have overall lower glycogen levels (there is substantial variation in population). However, in our study, subjects 2 and 5 with some of the lowest overall estrogen levels had some of the highest overall glycogen levels. An explanation for this is currently unapparent.
Some of the evidence for a close relationship between estrogen, glycogen and Lactobacillus colonization has been the observation that around the onset of puberty the lower genital tract typically becomes colonized with Lactobacillus species and vaginal pH decreases. However, in a recent study of 31 premenarcheal girls, Hickey et. al found that lactobacilli colonization can occur at least a year prior to menarche [21] . Lactobacillus colonization in these girls was not necessarily concurrent with a decrease in pH, perhaps because of low bacterial loads. It will be interesting to study hormone levels in this population to assess their relationship with glycogen and Lactobacillus colonization.
This study also found a significant negative relationship between cell-free glycogen levels in undiluted genital fluid and genital pH. The previous studies that used lavage also found this relationship, but using undiluted fluids confirms this association. Since most of the acidity in genital fluid is due to lactic acid produced by Lactobacillus, the current study provides additional evidence to support the hypothesis that cell-free glycogen provides a carbohydrate substrate for growth of Lactobacillus in the genital tract. Culture media used to grow Lactobacillus generally contains 2% glucose and Lactobacillus can grow fairly rapidly even in 1% glucose [22] . We observed cell-free glycogen as high as 3%. Thus, at many of the time points, the amount of carbohydrate, in the form of glycogen, is high enough to sustain growth of Lactobacillus.
However, a number of studies showed that lactobacilli do not directly utilize glycogen in medium when it is the only source of carbohydrates [23] [24] [25] . A recent study showed that glycogen is broken down into dimers (maltose), trimers and tetramers of glucose by alpha-amylase that is present in genital tract secretions [22] . An important unanswered question is how much of the breakdown products are present in genital secretions and how do they correspond to glycogen and Lactobacillus levels. In our study, we did not assay those breakdown products due to the large amount of genital fluid needed for the high-performance anion-exchange chromatography method.
This study also showed there is measurable glucose in genital secretions. Generally, glucose is present at much lower concentrations than glycogen (Fig 1) and the use of undiluted genital fluid facilitated glucose measurement in our study. In univariable analysis using all available data there was a strong, significant correlation between glucose and glycogen suggesting that glycogen was the source of glucose. A plot of glucose versus glycogen (data not shown) showed that many fluids had detectable glycogen and glucose, while some fluids had detectable glycogen but undetectable glucose. However, there were no fluids that had detectable glucose with no detected glycogen. This further supports the hypothesis that the source of glucose was breakdown of glycogen.
Several recent studies showed that enzymes that can break down glycogen into glucose are present in the genital secretions of some women [22, 26] . We hypothesize that those hostderived enzymes are the source of much of the glucose although it is possible that microbial enzymes could also contribute. Further studies are needed to determine the relative amounts of glucose monomers, dimers, trimers and tetramers in genital fluid and how these levels relate to the types of microbiota present. It is intriguing to speculate that different ratios of these multimers or excess glucose generation from glycogen could impact the makeup of the microbiota.
There were several limitations to this study. This study included a relatively small number of participants. Information on sexual behaviors, symptoms, genital co-infections, stage of menstrual cycle, and use of vaginal products was not available. This could have limited our ability to make inferences about the mechanisms underlying observed associations. It would have also been of interest to identify the vaginal microbiota in these samples and assess their relationship with glycogen levels. Moreover, while ELISA was used to measure sex hormones, the combined use of ELISA and mass spectrometry may more accurately determine the concentration of estrogen and progesterone [27] .
Altogether, our results show that cell-free glycogen concentrations can be very high in genital fluid, can vary substantially between women and over time in the same woman, and point to the complexity of the relationship between sex hormones and glycogen. Further studies of factors that impact cell-free glycogen levels in vaginal fluids are needed since cell-free glycogen appears to be strongly related to genital microbiota type.
